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M-QAM OFDM and PCC-OFDM Performance in
the Presence of Phase Noise

Himal A. Suraweera and Jean Armstrong

Abstract— In this paper we address the issue of OFDM and systems in the presence of PN are calculated. The ICI term
PCC-OFDM systems impaired by phase noise (PN). PCC-OFDM s modelled as Gaussian noise and expressions for the result-

is a variation of OFDM in which data is mapped onto adjacent g congitional and averaged BER for Rayleigh fading channels
subcarrier pairs. As a result intercarrier interference (ICl) in ad- have been obtained

jacent subcarriers is cancelled. Phase noise in OFDM causes both ) . )
ICI and common phase error (CPE). PCC-OFDM reduces the ICI The rest of the paper is organized as follows. In section Il we
component, but the CPE is unchanged. Theoretical and simula- describe the effects of phase noise for OFDM and PCC-OFDM
tions results for bit error rate (BER) are presented for M-QAM  systems in brief. Section Ill includes an analysis of theoreti-

OFDM and PCC-OFDM systems over Rayleigh fading channels. .| expressions for BER due to PN effects. Simulations have
The performance with and without CPE correction at the receiver

is considered. It is shown that PCC-OFDM has a lower BER in been performed to obtain the BER by var_ying pgrameter_s such
all cases. The theoretical results agree closely with the computer 8 Ey/No, o7 and results are presented in section IV. Finally

simulations. section V concludes the main findings of this paper.
Index Terms— Orthogonal frequency division multiplexing,
phase noise, Intercarrier interference, Rayleigh fading. Il. PHASE NOISE INOFDM AND PCC-OFEDM
A. OFDM

I. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) is a‘||ng that the length of the added cyclic prefix is greater than the

multicarrier transmission technique, which divides the availab ¢ : .
. . . channel memory we can write the received sampled baseband
spectrum into many carriers, each one being modulated b%.a

low rate data stream. Practical implementations of OFDM tec ignal affected by multipath fading as,
nology use an inverse fast Fourier transform (IFFT) to generate _ %), h 1
a digitized version of the composite time domain signal. It is yln) = e [2(n) * h(n)] + w(n) @)

used in many wireless applications such as digital video bro‘W’herex(n) « h(n) denotes the circular convolution andn)
casting (DVB), ADSL (asymmetric digital subscriber l00p)is the AWGN with single sided power spectral density (PSD)
wireless local area networks (IEEE 802.11 a/g, HIPERLAN/Zqyal toN,. ®(n) is the PN. The channel impulse response can

and possibl'y future 4 G'networks. be modelled as a tapped delay line,
Polynomial cancellation coded OFDM (PCC-OFDM) maps

data to be transmitted into adjacent weighted subcarriers. For L-1

example the simplest form of PCC-OFDM uses +1 and -1 as the h(n) = Z hio(t —m) @)
weighted coefficients and maps data symbols into the IFFT as 1=0

dny1 = —d,. Previous work [2] has shown that PCC-OFDM
is less sensitive to frequency offset and multipath transmissio~

We will now consider the effect of PN in OFDM. Assum-

Phase noise (PN) is the mismatch between the phase of t 7 Add el2rict
carrier and the phase of the local Oscillator. OFDM systems a®’] N . Guard g?’ecf'ii)f
highly sensitive to PN perturbations due to the compactness ~ |S/P|-» IFFT fo Time 1., P/S DIA
the subcarriers. Filtering
The effects of PN have been analyzed in many papel ]
[4],[5],[8]. PN in OFDM causes loss of orthogonality of the d(n) x(n)
subcarriers resulting in ICI. It has been shown in previous lit channel channel
erature such as [3] that, PN also introduces a common pha C Estimation |} w(t)
rotation among the demodulated subcarriers in the scatter di R(K) y(n) ‘
gram. The effect of PN on PCC-OFDM in an AWGN channel +
was analysed in [1]. This paper extends the work of [1] to in i [ AD
clude Rayleigh fading channels. The theoretical and simulate « 1 7 (;ycy_c
BER values for M-QAM modulated OFDM and PCC-OFDM * |F/S HIFT| | FRT | [SIP Prefie
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WherelL is the total number of paths; is the delay associatedmethod is to measure the phase variation of a pilot subcarrier

with thelth path and(-) is the Dirac function, and subtract the rotated angle from all subcarriers [1].
) The second summation expression in (7) is the ICI which
hi = hy + jhi causes loss of orthogonality among the received subcarriers. It

ﬁ]obtained by multiplyingV — 1 channel attenuated subcarri-
rs with discrete Fourier transform (DFT) PN coefficients eval-
%}ed ayy/N other than the evaluatédh subcarrier. This also
sults in a complex nhumber which is added to the useful part
of the signal and has characteristics of Gaussian distribution for
large N (because of the central limit theorem).

The real and imaginary complex coefficients are chosen fro
Gaussian distributions for Rayleigh fading. Without loss ot
generality we assume that each path is delayed by an inte
multiple of the sampling time. Hence the channel attenuati
factor for themth subcarrier is given by,

= —j2wml
H(m) = Z hlexp( N ) (3)
1=0 B. PCC-OFDM
The received signal is demodulated using a FFT. Thugithe  |n this sub section we discuss the characteristics of CPE and
demodulated subcarrier is given by, ICI of PCC-OFDM. Assuming that the adjacent channel trans-

fer function coefficients are almost equaly, 1 ~ Hj) we can
write the following expression for theth demodulated subcar-
rier as [1],

N-1 .
R = Y umen( P ) e w) @
n=0

N/2—-1 N-1 .
1 j2mn
N—-1N-1 o /s
1 j2m(i — k) R(k) = — E XiH; x E {1 - eXp( )} :
R(k) = N E E XiHiexp(N) N = - N
n=0 i=0 —k)

|2
exp(i6,) + W (k) (5) exp (m

~.

.

) exp(jf) + W (k) (8)

=

Where W (k) are the frequency domain samples of Channﬂence
AWGN. Interchanging the inner and outer summation we ob- '
tain the following mathematical expression for th¢h subcar-

rier reported in [1] as, R(k) = ])Vi(gli)f{(k)j(O) {(0) = I(-1)}
N-1 N-1 o + D H@OX() [I(i—k)—I(i—k-1)]
R(k) = % S OXH; x Y exp(ﬂm]\flc)) i
h = + W(k) (9)

exp(jbn) + W(k) (6)
The corresponding output of the subcarrier pair from the weigh-

Let

N-1 . ing and adding block will result in,

1 ) 2mn
o) = X et exp( 5 ) ( |
n=0 _Rk)—R(k/’-i-l
N-1 2 == (10)
R(k) = X(k)H(k) I(0) + Y X (@)H(i)I(i — k) +W (k)
~~
CPE i#k
~- X (k)H (k) {~I(~1) +21(0) - I(1)}
()

Note from (7) that allV usefulsubcarrier components are mul- — L+ Eﬁi/ozfl HO)X(){I(i—k)—I(i—k-1)}
tiplied with a common phase factor which is the average of all 2 7k

the phase error terms. The CPE results in an overall rotation
of the received constellation for that symbol. It can be elimi-

nated by several techniques outlined in previous literature. One_ . , . ,
It is evident from the above mathematical analysis that all

Z(k)'s for PCC-OFDM too are subjected to a CPE. However
exp(j6y) Ny (t) the ICI term depends on the difference between adjacent terms.

If adjacent terms are highly correlated so thét) ~ I(k + 1)

then the ICI term will be less than for conventional OFDM.
channel | () Fig. 3 shows the results of the same PN on one received

h(t) symbol in OFDM and PCC-OFDM. While the rotation of the

constellation is identical the noise like ICI term is much less in
Fig. 2. PN model. PCC-OFDM.

+{W(k)-W(k+1)}

s(t)
—
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2 s - Instantaneous SNR per symbol of thenth channel path in

1: .3 T g - Rayleigh fading is expressed as [11],
05 & E & P. '3 >

: o o 1 -

o ™ Py(v;y) = —exp| — | ,7v >0
05| g A ) - v 7
1 e ,a‘,
15— - "*‘1 2 -5 - . Where# is the average SNR. The unconditional BER can be
@ derived by averaging the conditional BER;;(v) i.e.,
15 ! 5 z-" 0o -
1 LI Poit(E) = | Puit(E|y)Py(v;7)dy (16)
05 F . 2 0
*

0 . ° ."" & » Since the overall noise at the receiver in (7) consists of two in-
Rl L B * dependent Gaussian distributions we are able to use expressions
1: » i R for M-QAM P;:(E|~) derived in [10] such as, (for 4-QAM)

2 -1 0 1 2 5 ) 5

b
® [Poie(E|7)] = erfe(y/7) (17)
Fig. 3. PN effects (a) OFDM (b) PCC-OFDM. and for 16-QAM,
1. BER ANALYSIS IN FADING CHANNELS [Pyie(E|7)] —ierfc< ;7> +%erfc ( 27) 7ierfc (\/5)
A. M-QAM OFDM (18)

In this section we present a theoretical analysis of BER ftw obtain the theoretical BER in (17). effg is defined as
OFDM and PCC-OFDM systems modulated with Gray codep/\/ﬂ [ exp%’z dy.
M-QAM symbols in Rayleigh fading channels. The analysis as- ¥
sumes that the CPE is corrected. The average attenuated si%nal
power disturbed by the CPE can be written as, - M-QAM PCC-OFDM
The average power of the signal corresponding to itte

2 subcarrier is [1],

N-1

XHy, > exp(jfn)

n=0

E
PKZW (11)

P, = %EE |H,—I(—1)+21(0) — I(1)]*  (19)

Where E(-) denotes the expectation operator. Assuming the )

phase terms are small and using the approximatiof;jéxp= 1 g4 N1 L (T
1 + j6,, the above expression can be written as [1], Py =S BE He g 5 > sin (W) exp(jon) (20)
n=0
j N-1 2 By assuming the PN coefficients are small we simplify the
Py =EB | Hi g1+ > On (12)  above expression as,
n=0
The average total ICI power can be expressed as 1 Ry ™ :
) P, = 5E.B|H, {2 n n;) 9, sir® (N)} (1)
N—-1 . . .
2=E X@H@GI(I - k) (13) £I'1P]1e average ICl power corresponding to #ite subcarrier is
iZh ’
With perfect channel state information (CSI) the estimated e
ith perfect channel state information eestimatedsym- o _ oz Lo (T
bol R(k) obtained with zero forcing equalization (ZF) is given v # k ; ;0 sin ( N) '
by, iZk B
2
N-1 36n {2mn (i — k)})
A 1 ex 22
R(k) = R(k)I(0)+ X X(OH@I(I—k)+ Wik) p( N (22)

H (k)
(14) A significant difference for PCC-OFDM compared to conven-
tional OFDM which is obvious from the noise power terms (21-
22) is that the inclusion of the squarsid value in the PN sum-
B |I(0)\2 mation. Since the squarethterm is always equal or less than
025—02 (15) unity it acts as an attenuator for the PN terms making the over-
CIGIRREO] all contribution less than the case for the OFDM. Hence we

)

=0
i2k

Now signal to noise ratio (SNR) with total knowledge®f k)
becomes,

SNRy =
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can speculate a reduction in both CPE and ICI terms for PCC- **
OFDM and this attribute contributes towards better BER perfor-
mance. It can be proven that in (22) the summation term inside
the magnitude is approximatedyV /2 less than the correspond-
ing value for OFDM. The expression for BER for PCC-OFDM
can also be obtained with a similar approach as above and we
define SNR with ZF for this case as,

-1

107°F

Bit Error Rate

SNRj = (23)

o

E,|21(0) — I(1) — I(-1)?
OIRREG]

@ o

[H (k)|

107°F

IV. SIMULATIONS AND RESULTS

A. System Parameters for the Fading Channel

0 5 10 15 20

In all of the simulations we assumed the total number of sub- E/N,
carriersN = 128. Cyclic prefix length was assumed to b#&%
of the total symbol period for all M-QAM modulation schemesfig- 4. BER versug, /N, for OFDM and PCC-OFDM over AWGN channel
Two multipath channels were used: a 4-tap static channel Hvétt' out correcting CPEN = 128, 4-QAM.
scribed in [12] and a Rayleigh fading channel. Rayleigh chan-
nel coefficients were generated by independent stationary com:
plex zero mean Gaussian processes with unit variance and hav
ing an exponentially decaying power delay profile. The total |
number of paths was assumed to/be- 10. The phase of the
channel coefficients are uniformly distributed in the rafide
2m. The Channel has static characteristics during one OFDM ¢ ©°¢
period. Finally path delays were assumed to be integer multi-
ples of the sampling intervals of the OFDM and PCC-OFDM
signals. The static 4-tap channel has fractional power values of
(0.15,0.65,0.15,0.05).

Bit Error R,

B. PN Model
In general PN is characterized by its frequency domain PSD, ‘ ‘ ‘
Se(f) wheref is the frequency [6],[7]. PN was generated from ° ® EN, 1 ®

by a method described in previous literature [9]. It generates PN

samples from a coloured noise process. This method modeéts 5. BER versudz, /No for OFDM and PCC-OFDM over Rayleigh chan-
PN as an identically independently distributed (i.i.d), zero me&f!: CPE not corrected. N =128

unit variance Gaussian process which are filtered by a linear

time invariant filter having the following transfer function O'BER shows an error floor of approximately)2. When the PN
the PN mask. L variance i9.01 the BER curve does not show signsflaftten-
H(z) = Zh(k)z ing and reduces to well below0—* at E,/N, = 8dB. Figs.
k 5-6 show the BER performance of the OFDM and PCC-OFDM
For the simulations we use the PN mask described in [9] wiystems over the Rayleigh and static 4-tap channels for several

a = 0.9999 and = 0.0316. PN variances. CPE was not corrected. BER degradation for
Rayleigh channel is higher compared with the 4-tap channel.
H(z) = % Even witha? = 0.01 rac? BER in the Rayleigh channel is well
-z

beyond the value of0—* and the system performance reduces
) significantly due to PN effects as well as fading. In Fig. 5 for
C. Performance Comparisons a PN variance 06.02 rac® BER for OFDM is approximately
Simulation results show that the performance of bothn OFDM) 3 while for the same PN power BER for OFDM in the 4-tap
and PCC-OFDM is reduced in fading channels when compareigannel isl0~* at high £, /N, ratios. We present the BER
with AWGN, while the Rayleigh channel exhibits the worstperformance over the 4-tap channel with CPE correction in Fig.
The CPE corrected systems make less bit errors than systé@mdn this case the improvement in PCC-OFDM is even more
with no CPE correction. It is clear that for all cases considergdonounced. For PCC-OFDM BER fer; = 0.1,0.05 and
PCC-OFDM out performs OFDM with less BER. Fig. 4 shows.02 rad® are below10~4. The performance of OFDM trails
the graph of BER versuB;, /N, over AWGN and PN variance and even its BER far? = 0.02 rad® is higher than the same for
02 = 0.2,0.1,0.05 and0.01 rad’. As expected when the PNPCC-OFDM foro3 = 0.1 racf. The performance improvement
variance is high BER exhibits a high value. Fgy = 0.2 the of OFDM with CPE correction is not high as PCC-OFDM. As
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Fig. 7. BER versugs,/No for OFDM and PCC-OFDM over 4-tap channel

with CPE correctedN = 128.

seen from Figs. 6-7 some cases show that the results are bet[@r

[2] J. Armstrong, P. M. Grant and M. Povey,

4-tap channel. CPE corrected aivd= 128.

ICl and it has been shown that while the ICl is reduced in PCC-
OFDM the CPE is unchanged. The BER performances of the
two systems have been analysed. Simulation results have been
presented for two different channel models and for both CPE
correction and no correction in the receiver.
results agree closely with the simulation results. PCC-OFDM
performs better in PN perturbations.

The theoretical
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